This paper describes how exposure to solvents at two large paint making sites was assessed in a study carried out to investigate the possibility of neuropsychological effects resulting from long term exposure to organic solvents. A job exposure matrix was constructed by buildings and year. A detailed plant history was taken and this was used to identify uniform exposure periods during which workers' exposure to solvents was not thought to have changed significantly. Exposure monitoring data, collected by the company before the study, was then used to characterise exposure within each uniform exposure period. Estimates were made for periods during which no air monitoring was available. Individual detailed job histories were collected for subjects and controls. The job histories were used to estimate exposure on an individual basis with the job exposure matrix. Exposure was expressed as duration, cumulative dose, and intensity of exposure. Classification of exposure by duration alone was found to result in misclassification of subjects.
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(OELs). These data formed the basis of the individual exposure assessments used in an investigation of the potential neuropsychological effect of exposure to low levels of organic solvents. The performance in neuropsychological tests of workers exposed to solvents from the paint making facilities, plants A and B, was compared with that of non-exposed controls from a fibre making factory, plant C. The results of that investigation are reported elsewhere. '°T his paper describes the process by which the exposure to solvents was assessed on an individual basis and how the population was then subdivided into groups for the analysis of any effect.
The objectives of the exposure assessment were twofold: (a) to ensure that the subjects had been exposed to solvents and that the controls from plant C had not been occupationally exposed to solvents, that is, were a suitable control group; (b) to divide the subjects on the basis of their exposure into reasonably defensibly homogeneous groups to analyse for any dose-effect relation that may exist. It was important that the group should be well characterised as it is well known that non-differential misclassification of subjects reduces the sensitivity of a study." 12 (1) Job history questionnaire-Each participant completed a job history questionnaire that was based on one used in a previous survey of the neuropsychological effects of occupational exposure to solvents.'4 Subjects and controls were asked to give their job title and to identify the site and building in which they worked by its number and to indicate how many years and months they had been employed in that job. They were then asked to identify other jobs that they had held at the plant, by job title and building and to give the number of years for which they had been employed in that job, and the year that the job started.
Subjects and controls were also asked to identify and to describe hobbies and jobs outside plants A, B, and C that were held for more than three months that involved the use of solvents, and then to provide information on the materials handled in relation to the method of exposure, length of exposure/day and number of days/month that each was used.
(2) Exposure and non-exposure criteria-The definition of exposure required for inclusion as a subject and non-exposure criteria for the controls were defined first. For inclusion as a subject a person had to have held a job or jobs exposed to solvents for a minimum total period of three years. There are jobs inside the paint making facilities where exposure is not considered to be significant, and the time spent in these jobs was not included in the assessment. A job exposed to solvents was also defined first. When the job histories were completed each of them was examined by the company's group hygienist and separately by the particular plant hygienist, who used the criterion "was the subject's job likely to expose him to any more solvent than the rest of the general population outside plants A and B". For example, work in a warehouse with only closed tins of paint was considered to be non-exposed. Previous jobs outside the company, held for > 6 months where there was at least 16 h/month exposure to solvents were considered to constitute significant exposure, and were included in the calculation of the years of exposure. Solvent exposure resulting from hobbies was not included in the years of exposure.
Controls from plant C were considered to be exposed if they had a job or hobby that involved handling solvent for > 16 h/month for > 3y. These controls were then excluded from the study. A small group of workers in plant C was involved in the cleaning of nylon extruder heads with solvents. This group was excluded from the study.
(3) Years of exposure-Years of exposure are the total number of years spent in jobs exposed to solvents inside and outside the paint making plants. This figure was termed duration of exposure.
Assessment ofplant histories
The plant hygienists were interviewed and histories of the main solvent handling areas of plants A and B were assembled. These were sent to the plant hygienists for verification and correction where necessary. The interview was structured to try to ensure consistency and completeness. A list of factors likely to affect exposure was drawn up in advance of the interview and the history of, and changes pertaining to each building and area were discussed in relation to the list. The factors were as follows.
(1) Job organisation-An understanding of the way in which different tasks related to job title and how this might have changed over time was thought to be potentially important.
(2) Work practices-The types of activity carried out within a task and the equipment used was considered.
(3) Solvents used-Different areas used different combinations of solvents and there were changes in these over time.
(4) Production level-Significant changes in production or the amount of overtime worked could affect exposure.
(5) Cleaning procedure-It was known that in the past, cleaning procedures included the use of large amounts of solvent. This practice has changed.
(6) Ventilation-There have been changes in local and general ventilation over the period in question and this has reduced exposure. The original air monitoring data were collected to establish compliance with published United Kingdom OELs, so sampling and analysis were carried out for individual solvents. The concentrations (ppm) were compared with the relevant exposure limits. As several solvents may be present that have similar effects the "mixtures formula" developed by ACGIH'6 was also used by the company to establish compliance. *Where more than one building is involved, mean of means was taken.
changes in the plant or processes that would affect exposure, for example changes in cleaning procedures or in local and general ventilation. As the main factors affecting the extent of exposure had not changed, the period between such changes can be expected to have a uniform exposure and this period was identified as a uniform exposure period (UEP). Air monitoring data taken over periods longer than 180 minutes were identified for plants A and B. For each air sample the total concentration of solvent in the air was expressed as the sum of the ppm of all the individual solvent components. For each building, an arithmetic mean was taken of all monitoring data that had been taken within a UEP. This figure was used to represent the average exposure in that building, for that job, during that period. Different amounts of data were available for each UEP so two sided Mann Whitney tests were used to determine whether the distributions of data within consecutive UEPs were significantly different from one another. (3) Retrospective exposure assessments without monitoring results-Where data did not exist within a UEP, the plant hygienist was asked to estimate the likely exposure. He was given data for other UEPs, for that area, reminded of the changes in exposure factors that had taken place and asked to estimate in percentage terms the likely exposure changes that had taken place.
(4) Compliance matrix-Data were drawn from the computerised records (1980, and 1985-1990 ) and the mixtures formula was recalculated with common denominators, based on the 1992 United Kingdom exposure limits'7 (table 1) .
Personaljob exposure assessment A time sheet was drawn up for all subjects for whom an adequate job history had been obtained (n = 104). This showed the years of work at the paint making facility and the building and area associated with each year. The time weighted average (TWA) total exposure for solvents (ppm) was drawn from the matrix with the value from the appropriate UEP. Where subjects worked in more than one area the percentage time in each area, given by the subject, was used to calculate exposure. Personal dose estimates were then drawn up with the model described by For a few subjects, an estimation was made of exposure to solvents experienced during jobs outside the paintmaking facilities or from paint making jobs that had not been monitored or for which there were no monitoring data available. Data from similar exposures within the plants were used as the estimates of exposure in these cases.
Forming homogeneous groups
The data gathered from the exposure assessment were used to divide the exposed population into high, medium, and low exposure groups for each of the three assessment methods. As far as possible natural divisions in the distribution of the subjects were used to generate groups of about equal size. Figure 1 shows a histogram of the years of exposure. About 34% of potential controls were excluded mainly because they were surplus to requirements having been selected as controls for paintmakers who were subsequently excluded. A further 10 potential controls were excluded on the basis that they had had >3 years of exposure to solvents in jobs outside the company. No controls reported hobbies involving significant solvent exposure (>16 h/month) although the question was left blank by two controls. Five controls had worked with solvents for between 3 months and 3 years.
PLANT HISTORIES Detailed plant histories were taken for each area and the main findings are summarised below.
(1) Job organisation has changed little at plant B over the past 30 years. At plant A, workers used to have well defined jobs but job flexibility was introduced in 1976 and extended until by 1982 new workers were required to be entirely transferable within a building. In all cases an 8 h shift is the norm.
(2) Work practices have not changed significantly in most areas although there has been a decline in use of portable bins to transport solvent and paint. Solvents were more likely to be transported in pipelines since the 1960s. A new facility was constructed in 1976 at plant A, for the manufacture of decorative paint. This resulted in more specialist production of industrial paints in the older area. At this time there were changes in various items of plant such as those used for mixing the paint.
(3) Table 2 shows the solvents used at plants A and B. These have changed little. There have been a few changes in some specific areas, for example, glycol ethers have largely been phased out. Organic solvents were eliminated from one building in 1988. Little white spirit has been used in several areas since 1976 after production transferred to the new facility.
(4) Production levels and overtime have fluctuated but were not considered to have changed systematically over the period and were not included in the analysis.
(5) Cleaning procedures have not changed a great deal in plant B. In plant A there was a regular clean down of production areas including floors, on Saturday mornings with white spirit or recovered solvent. This practice led to high exposures and was stopped in (1) Duration ofexposure Exposed subjects (n = 110) were divided into four groups on the basis of duration of exposure (y). This gave the following groups; < 1 1 y (n = 39), 11-20 y (n = 43), 21-30 y (n = 17), and >30y(n= 11).
(2) Cumulative exposure The cumulative exposures represent the sum of mean daily concentration (8 h TWA) to solvents measured in ppm multiplied by years of exposure. The exposures ranged from 12 ppm.y to 1800 ppm.y. Exposed subjects for whom adequate data were available, were divided into three groups of about equal size. These were those subjects with <300 ppm.y (n = 42), 300-600 ppm.y (n = 37), and >600 ppm.y (n = 25). There was only one person between 580 and 700 ppm.y and so there was a natural division at this point.
(3) Intensity of exposure Intensity of exposure was calculated for the 104 subjects for whom adequate data were 
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Footnotes as for table 3.
Glass, Spurgeon, Calvert, Clark, Harringron seems to be very difficult for many subjects and controls. Where there was uncertainty, the calendar year was used, rather than the number of years attributed by the subject to the job in question. Subjects reported relatively few jobs outside the company that involved exposure to solvents for >16 h/month. Previous exposure of paintmakers to lead, a potential confounder, was not considered important as earlier biological monitoring data carried out by the company indicated that very low levels of exposure occurred for this group of workers.'0 For controls, significant exposure to solvents in previous jobs (>16 h/month for >3 y) would have caused exclusion from the study. Exposure to solvents from a hobby did not add to the years of exposure. No controls reported exposure to solvents from a hobby and there were only eight reports among subjects. The exposure from hobbies was not considered important as it would only marginally and with very poor precision, have increased the exposure estimates. Examples of hobbies reported are, 15 years as a maker of scale model aircraft, 20 years as an airfix modeller and doing car repairs, 23 years building and flying radio controlled aircraft, 20 years calligraphy.
(2) Plant history Structuring the interviews used for data collection was necessary. In an interactive session, it was easy for information to be missed either because a question was omitted or because an answer was tangential. Extra data were gathered later during the history checking process. This iterative process was found to be useful.
The data that were not gathered consistently were those concerning overtime rates and relative production levels. This was not thought to have significantly affected exposure as there were no long periods of particularly high or low levels of production or long periods of layoff.
(3) Choice of exposure index The situation is complex because there are two facilities and several different processes that use different solvents in different combinations. The mechanisms of any neuropsychological damage are unknown. All exposure to solvents should be considered but it is not obvious how to combine exposure to more than one solvent nor how to combine the different solvents. It is also not possible to decide whether dose is better expressed as the number of molecules (ppm) or as the mass of material (mg/M3). As the occupational hygiene data were already expressed in ppm and as other studies have also chosen to use ppm8 it was thought that, for pragmatic and comparative purposes, this measure would be more appropriate. Exposure was therefore defined as the cumulative TWA dose of total solvent measured in ppm.
The different solvents could have been combined by American Conference of Governmental Industrial Hygienists (ACGIH) mixtures formula but the use of current OELs as the denominators was not considered appropriate because the current United Kingdom OELs are not based on thresholds of neuropsychological damage or even on any effect on the central nervous system. It might have been preferable to weight the individual solvents in terms of their relative neurotoxicity. One way of doing this when several different solvents are present is to calculate exposure from effect specific limit values (ESLV) as the denominator in a mixtures formula calculation similar to that used by the ACGIH. The ESLV would have to be drawn from the scientific literature, mainly from animal studies as there is very limited human evidence. After this cumulative dose and intensity estimates would then be calculated. As the mechanism of any neurotoxic effect is unknown and there was no discernible difference between the results of the neuropsychological tests for subjects and controls, this somewhat speculative analysis was considered unnecessary.
The concept of latency was considered but not thought applicable to this study because the outcomes were measures that were not discrete but continuous variables and there was no information to justify the assumption that there was a time lapse between exposure and the development of clinical signs.
(4) Construction of the exposure matrix The arithmetic mean of the data in a UEP was used. Occupational hygiene data generally have a log normal distribution and the geometric mean is the usual measure of mean exposure. It is felt however that the arithmetic mean is a better estimate of mean dose. '8 As the data were limited there was a variability in the exposure estimates. Calculation of yearly means would often have been based on three or four readings, with the consequent variability in exposure estimate expected in occupational hygiene monitoring.'8 A way of smoothing this variability was to take a mean of all the data that were collected under uniform production conditions. This is the UEP. Tables 3 and 4 show the periods for which there was a significant difference in the mean data for exposure between periods. Limitations in the number of data points within a period severely reduces the chance of showing significant differences between UEPs.
Variability of the data-The data on which the exposure estimates were based were taken over a period of time from the early 1970s. The sampling programme used a compliance monitoring strategy so that regular samples were taken in most buildings, but samples were taken more frequently in buildings where exposure had been found to be higher than the average for the whole facility. As the subjects were also divided on the basis of the building in which they worked, the compliance strategy should not bias the data, but results in a variation of the precision of the estimation of the mean exposure between areas, gave less precision in areas with lower levels of exposure.
Measurements took place over varying time periods, and recently whole shift sampling has become more common. Samples from some shorter periods were also taken usually to investigate a particular procedure or task of concern. Inclusion of data taken over >180 min reduced the problem of short term task investigations weighting an average of the whole data, and giving an inaccurate (probably too high) mean exposure. There were more data available since 1985. The less burdensome sampling equipment, more automated analysis, and the reduction in time spent on calibrating, servicing, and checking pumps, resulted in an increase in data accumulation.
Detection limits-It is normal in occupational hygiene carried out for epidemiological purposes to include some estimate of materials expected to be found at concentrations below the detection limit, because these could materially affect exposure estimation particularly for the low exposure group. The estimate would not normally be necessary for compliance monitoring, unless the detection limit is very high relative to the OEL. It has not been carried out on this data set for the following reasons. Firstly, the detection limits will vary with the sample volume and hence the calculations would have to be made separately for each sample. Secondly, it would be difficult to decide which sample should have which solvent or solvents included in such a calculation as these vary from task to task and over time. Thirdly, the change to the automated thermal desorber (ATD 50) system in 1982 resulted in much lower detection limits than were available previously. Hawkins and Evans have carried out a study that showed that experienced industrial hygienists were competent at assessing levels of exposure for industrial processes with which they were reasonably familiar. 21 Teschke et al, however, showed that senior workers familiar with the process were at least as good in their estimates as hygienists with experience in the industry sector, but not at the particular plant in question. 22 Examination of some sampling data can improve the estimates but the precision of the estimation varies with the process. 23 It was anticipated that the hygienists interviewed in this study would bring specialist knowledge of the plant as well as occupational hygiene experience to the estimates and that the estimates would be consequently of a high quality. These estimates were needed for relatively few areas and very few workers. Tables 3 and 4 show the periods in italics for which estimates were made. For plant A 15% of the total person-years and for plant B 19% of the total person-years were calculated from these estimates.
(5) Allocation ofpersonal exposure index Quantitative dose estimation based on personal monitoring data for each subject would ideally be considered a gold standard.24 As personal monitoring had not been carried out on all individuals each day, group data were used to estimate an individual's mean exposure. The limited extent of the data, particularly for those people from the lower exposed areas and for the period before 1979, means that personal exposure assessment was of limited precision.
(6) Group formation
There was a wide range of exposure estimates showing that division by cumulative dose and intensity would result in a different distribution of subjects between categories than by duration alone. Subjects were divided by duration into four groups, and into three groups for cumulative dose and intensity for the main analysis. The division of subjects into three groups was partly for convenience of analysis but partly because there was a natural division into groups. Tables 5, 6 , and 7 compare the individual worker's classification into high, medium, and low groups by the three methods. For this comparison the two Spearman's correlation coefficient r = 0 71, p < 0 0001. Spearman's correlation coefficient r = 0 07, NS. Exposure data were available for several years before the investigation. Although data were not available for all areas over the whole period of interest and had been collected for compliance purposes it nevertheless allowed a much more accurate picture of each individual's long term exposure to be developed than had been the case in many earlier studies.
Preparation of a thorough plant history before the analysis of sampling data allowed the preparation of a time specific exposure matrix, which enabled a detailed characterisation of an individual's exposure history to be carried out.
Classification of exposure by duration alone is a reasonable predictor of classification by cumulative dose estimate but still results in misclassification of one third of subjects. It is a poor surrogate for intensity of exposure. The use of monitoring data should thus have reduced the misclassification of subjects, this was the second objective of the exposure assessment.
It should be recalled, however, that the overall exposure to solvents for this group is only exceptionally over the exposure limit calculated from the mixture's formula. Paintmakers are exposed routinely to only low levels of solvents.
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